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Abstract

Endothelial cells have an important role in maintaining vascular homeostasis. Age-related
disorders (including obesity, diabetes, and hypertension) or aging per se induce endothelial
dysfunction that predisposes to the development of atherosclerosis. Polyphenols have been
reported to suppress age-related endothelial cell disorders, but their role in vascular function
is yet to be determined. We investigated the influence of boysenberry polyphenol on vascu-
lar health under metabolic stress in a murine model of dietary obesity. We found that admin-
istration of boysenberry polyphenol suppressed production of reactive oxygen species
(ROS) and increased production of nitric oxide (NO) in the aorta. It has been reported that
p53 induces cellular senescence and has a crucial role in age-related disorders, including
heart failure and diabetes. Administration of boysenberry polyphenoal significantly reduced
the endothelial p53 level in the aorta and ameliorated endothelial cell dysfunction in iliac
arteries under metabolic stress. Boysenberry polyphenol also reduced ROS and p53 levels
in cultured human umbilical vein endothelial cells (HUVECSs), while increasing NO produc-
tion. Uncoupled endothelial nitric oxide synthase (NOS monomer) is known to promote
ROS production. We found that boysenberry polyphenol reduced eNOS monomer levels
both in vivo and in vitro, along with an increase of eNOS dimerization. To investigate the
components of boysenberry polyphenol mediating these favorable biological effects, we
extracted the anthocyanin fractions. We found that anthocyanins contributed to suppression
of ROS and p53, in association with increased NO production and eNOS dimerization. In an
ex vivo study, anthocyanins promoted relaxation of iliac arteries from mice with dietary obe-
sity. These findings indicate that boysenberry polyphenol and anthocyanins, a major compo-
nent of this polyphenol, inhibit endothelial dysfunction and contribute to maintenance of
vascular homeostasis.
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Introduction

Aging leads to an increasing prevalence of age-related disorders, such as diabetes and heart
failure. Aging is a complex phenomenon and is difficult to fully comprehend, but studies have
suggested that cellular senescence is pivotal to the progression of various undesirable aspects
of aging. Decades ago, fibroblasts were shown to have limited replication potential [1], suggest-
ing that aging also occurs at the cellular level, which is described as “cellular senescence”.
Senescent cells are characterized by enlargement, growth arrest, and alterations of gene expres-
sion. The changes of gene expression make these cells resistant to apoptosis and lead to secre-
tion of pro-inflammatory molecules, contributing to the development of chronic
inflammation and tissue remodeling [2].

Aging and lifestyle-related diseases induce vascular dysfunction, and increases the risk of
cardiovascular disease [3, 4]. Cellular senescence also affects the vasculature. This is termed
“vascular senescence” and is well recognized to promote cardiovascular disorders, including
atherosclerosis [5] and systolic cardiac dysfunction [6, 7], as well as systemic metabolic disor-
ders [8]. Endothelial cells (ECs) maintain vascular homeostasis, and healthy ECs respond to
physical and chemical stimuli by producing various factors involved in regulation of vascular
tone, cell adhesion, thrombosis, smooth muscle cell proliferation, and inflammation [9]. Risk
factors for cardiovascular disease, including hypertension, obesity, diabetes, and aging, induce
EC senescence mainly via activation of p53 signaling [8, 10-12]. Senescent endothelial cells
have been detected in atherosclerotic plaque. Such senescent cells produce pro-inflammatory
cytokines and promote the development of low grade sterile inflammation and tissue remodel-
ing, contributing to increased susceptibility to atherosclerotic diseases.

Nitric oxide (NO) is mainly produced by endothelial nitric oxide synthase (eNOS) and it
has a crucial role in maintaining EC homeostasis. It is known that EC senescence induces
uncoupling of eNOS, leading to an increase of eNOS monomer levels and reduced NO activity
[13-15]. Elevation of eNOS monomer levels promotes excessive production of ROS along with
reduced NO production, further accelerating EC dysfunction.

Polyphenols are compounds found in many fruits, vegetables and beverages, including tea
or wine [16]. A diet rich in polyphenols was reported to reduce cardiovascular disease [17],
and high polyphenol intake decreased the mortality of subjects with cardiovascular risk factors
compared to those with low polyphenol intake [18]. In addition, polyphenols are widely
accepted to suppress vascular changes associated with aging [19-21]. Berries are rich in poly-
phenols, and eating berries was reported to reduce cardiovascular risk [22]. Boysenberries,
also described as hybrid Rubus berry of Rubus baileyanus and Rubus loganobaccus, are an
abundant source of polyphenols that may have various physiological effects. In fact, boysen-
berry juice was reported to lower the blood pressure of spontaneously hypertensive rats [23],
and improve a flow-mediated dilation (FMD) of the brachial artery [24]. There are four types
of polyphenols, including phenolic acids, flavonoids, stilbenes, and lignans. Flavonoids are fur-
ther classified into six subclasses (flavonols, flavones, isoflavones, flavanones, flavonols and
anthocyanidins). Anthocyanins (AC) are natural water soluble pigments derived from antho-
cyanidins by addition of sugars. AC are known to have a vascular protective effect by suppress-
ing production of ROS and activating NO production. AC were also reported to block the
expression of adhesion molecules of vessels. Furthermore, higher intake of AC is associated
with a lower risk of myocardial infarction [25], and AC isolated from berries (320 mg/day)
improve endothelium-dependent vasodilatation in hypercholesterolemic patients [26]. While
these studies have indicated a protective effect of polyphenols and their components against
vascular pathology, the underlying mechanisms are yet to be defined. Here, we show that
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boysenberry polyphenol (BP) and AC (the main component of BP) inhibit endothelial dys-
function and improve vascular function under metabolic stress.

Materials and methods
Boysenberry polyphenol extraction

Boysenberry juice was obtained from Berryfruit Export New Zealand Ltd. (New Zealand).
Extracted ingredients of polyphenols were referred to the previous reports [27, 28]. Boysen-
berry juice was loaded to a Amberlite XAD-7HP column (Organo, Japan), and the column
was washed with water, and eluted with ethanol. The eluate was evaporated in vacuo and pow-
dered as reported previously [27]. The powder was named boysenberry polyphenol (BP). BP
was dissolved in ethanol:water:formic acid (80:20:1). The solution was loaded to a Dowex
50W-X8 column (Dow Chemical, US). The column was washed with ethanol:water:formic
acid (80:20:1), and anthocyanin fraction (AC) was eluted with ethanol:water:hydrochloric acid
(50:50:10) as reported previously [28].

HPLC analysis

Anthocyanins in BP and AC was analyzed by Shimadzu Prominence UFLC system (Shimadzu
Corp., Kyoto, Japan) equipped with a Photodiode Array Detector and 4.6mm i.d. x 250mm of
Inertsil ODS-3 (GL sciences, Japan, 5020-01732) as previously reported [27]. Anthocyanins
were separated by 0.5% trifluoroacetic acid/water to acetonitrile at 40°C and detected at 520
nm, and quantified with standard product of cyanidin-3-glucoside (Extrasynthese, France,
0915S).

Animal model

All animal experiments were conducted in compliance with the protocol reviewed and
approved by the Institutional Animal Care and Use Committee of Niigata University. C57BL/
6NCr mice were purchased from SLC (Japan). Mice were kept under standard housing with
free access to food and water at room temperature (23-24°C) in a 12hr light-dark cycle. Mice
were fed High Fat Diet 32 (CLEA Japan) in the high fat diet (HFD) group or CE-2 (CLEA
Japan) in the normal chow (NC) group from 4 weeks of age. From 12 weeks, HFD mice
received 0.1% BP in the drinking water. At 18-20 weeks, after the animals were euthanized by
100mg/kg intraperitoneal pentobarbital (Kyoritsu Seiyaku Co., japan, Somnopentyl ™) injec-
tion, tissues were quickly corrected and vascular function was evaluated.

Investigation of vascular reactivity

After mice were anesthetized, the iliac arteries were removed and placed into the organ bath of
the Wire Myograph System (DMT, Denmark) to evaluate vascular reactivity, as described pre-
viously [27]. The vascular pressure was adjusted to 100 mmHg at 37°C, and equilibration was
done with physiological saline solution (PSS) containing 118.99 mM NaCl, 4.69 mM KCl, 1.17
mM MgSOy, 25 mM NaHCO3, 2.5 mM CaCl,, 1.18 mM KH,PO,, 0.03 mM EDTA, and 5.5
mM glucose. PSS was aerated with 95% O2 and 5% CO, and was maintained at pH 7.4. The
vessels were stretched with 75 mM KCL solution and 10 pM noradrenaline. After equilibra-
tion, 107> M phenylephrine (PE) was added for pre-contraction, and 10~ to 107> M acetylcho-
line (Ach) was cumulatively added to the organ bath after stabilization of the vascular response
for evaluation of EC function. Subsequently, the vessels were washed with PSS and again pre-
contracted with PE. L-NAME (3 x 10™* M) was added to inhibit basal NO production. Then
sodium nitroprusside was cumulatively added to the organ bath from 10™ to 107> M for
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evaluation of smooth muscle function. Relaxation responses to Ach and SNP were calculated
as the percent change of force (mN) by the following equation: percent dilation = 100% x (1 -
(FOI’CG after Ach/SNP ~Force basal) / (FOI’CG initial diameter after PE -Force basal))- To assess the effects
of AC, iliac arteries were obtained from HFD mice and incubated with PSS containing AC for
6 hours in a CO, incubator at 37°C, after which vascular reactivity was evaluated.

Histological examination

Part of the descending aorta was immersed in OCT compound (Leica), and cut into 10 pm sec-
tions on a cryostat (Leica). NO production was evaluated by staining with diaminorhodamine-
4M acetoxymethyl ester (DAR-4M, Goryo Chemical, Japan, SK1006-01) as previously reported
[29]. Frozen sections were reacted with 10 pM DAR-4M in PSS for 1 hr at 37°C and then fixed
with 4% paraformaldehyde (PFA). Then fluorescence was observed using a TRITC filter (Em:
545 nm, Ex: 605 nm) and the aortic fluorescence intensity was measured per field at x200 mag-
nification. Production of reactive oxygen species (ROS) was evaluated by staining with dihy-
droethidium (DHE) as described previously with slight modification [30, 31]. Frozen sections
were incubated with DHE (10 pmol/L) in PBS for 30 minutes at 37°C, after which the sections
were observed under a TRITC filter and the aortic fluorescence intensity was measured per
field at x200 magnification. For immunostaining, the primary antibodies were anti-p53 anti-
body (CM5) (Leica Biosystems, P53-CM5P-L), isolectin GS-IB4 from Griffonia simplicifolia
biotin-XX conjugate (Invitrogen, 121414), and Hoechst 33258 (Thermo Fisher Scientific). The
secondary antibodies were Cy5 Goat Anti-Rabbit IgG (H+L) (Life Technologies, A10523) for
anti-p53 and BB515 streptavidin (BD horizon, 564453) for isolectin GS-1B4 from Griffonia
simplicifolia biotin-XX conjugate. Antibodies were used at a concentration of 1:50, except for
anti-p53 (1:500) and Hoechst 33258 (1:1000, Thermo Fisher Scientific, H21491). Images of the
stained sections were obtained with a Biorevo (Keyence, Japan). Fluorescence signals were
quantified with Image-]J software at a magnification of x200 for NO and DHE in the aorta,
x1200 for p53 in the aorta, and x400 for NO and DHE in HUVEC:s. Four fields were randomly
selected in each section for quantification, except that NO and DHE signals in the aorta were
analyzed in one field at a lower magnification.

Cell culture

Human umbilical vein endothelial cells (HUVECs, Lonza) were cultured with Endothelial Cell
Growth Medium-2 BulletKit (Lonza). For evaluation of NO production, HUVECs were incu-
bated with 500 pM palmitic acid and 10 pg/ml BP or 10 pg/ml AC in FBS-free medium for 6
hr. Then the medium was exchanged for FBS-free medium with 5uM DAR-4M and incubation
was continued for 30 min. Subsequently, 100 nM insulin was added and the HUVECs were
incubated for a further 30 min, after which the cells were fixed with 4% PFA and observed. For
evaluation of ROS production, HUVECs were pre-incubated with 10 pug/ml BP or 10 pg/ml
AC for 2 hr, after which 500 uM palmitic acid was added and the cells were incubated for 15
min. Subsequently, the HUVECs were fixed with 4% PFA and incubated with DHE for 30 min
at 37°C. Stock solution of palmitic acid (5 mM) was prepared by conjugation with 10% BSA.

Western blot analysis

Protein lysates were prepared in RIPA lysis buffer with protease inhibitor cocktail (Roche),
lysates were separated by SDS-PAGE, and the proteins were transferred to a PVDF membrane
(Millipore). The membrane was reacted with the following primary antibodies at 1:1000: anti-
p53 antibody (DO1) (Santa Cruz, sc-126), anti-eNOS (BD Transduction, 610296), anti-phos-
pho-eNOS (ser1177) (Cell Signaling Technology, CST9571), anti-B-actin (Cell Signaling

PLOS ONE | https://doi.org/10.1371/journal.pone.0202051  August 14, 2018 4/16


https://doi.org/10.1371/journal.pone.0202051

iggl’L‘)S;|ONE

Boysenberry polyphenol and vascular dysfunction

Technology, 4970), and anti-o-tubulin (Cell Signaling Technology, 2125). Blocking was done
with 5% skim milk. The secondary antibodies were horseradish peroxidase-conjugated anti-
mouse immunoglobulin-G (Jackson, 115-035-003) for anti-p53 and anti-eNOS, as well as
horseradish peroxidase-conjugated anti-rabbit immunoglobulin-G (Jackson, 115-035-144) for
anti-phospho-eNOS, anti-B-actin and anti-o.-tubulin. Secondary antibodies were added at a
concentration of 1:5000. Proteins were detected by chemiluminescence using ECL western
blotting detection reagents (GE Healthcare, UK). Relative protein levels were quantified with
Image J software and were normalized by using B-actin or a-tubulin as loading controls.

Hemodynamic measurements and laboratory tests

A tail-cuff system (BP-98A, Softron Co., Tokyo, Japan) was used to measure arterial blood
pressure (BP) and heart rate (HR) when mice became 8 weeks of age. Intraperitoneal glucose
tolerance test (IGTT) was done as previously described with slight modification and glucose
was intraperitoneally given at a dose of 1g kg™'(body weight) [32].

Low-temperature SDS-PAGE

eNOS dimer and monomer were measured by low-temperature SDS-PAGE [33]. Protein
lysates were mixed with SDS sample buffer containing mercaptoethanol at 4°C and samples
were separated by SDS-PAGE at 4°C. Then eNOS protein was detected by western blot
analysis.

RNA analysis

Total RNA (1 pg) was isolated from tissue samples with RNA-Bee (TEL-TEST Inc.). Real-time
PCR (qPCR) was performed by using a Light Cycler 480 (Roche) with the Universal Probe
Library and the Light Cycler 480 Probes Master (Roche) according to the manufacturer’s
instructions. The primers and their sequences were as follows. Actb, was used as the internal
control.

Cdknla; 5’ —rccacaceGaTarccacaca—3’ , 57 —GGACATCACCAGGATTGGAC— 3 ;

Actb; 5’ —CTAAGGCCAACCGTGAAAAG— 3, 5/ —ACCAGAGGCATACAGGGACA— 3 .

Statistical analysis

Data are shown as the mean + SEM. Differences between groups were examined by Student’s
t-test or two-way ANOVA, followed by Tukey’s multiple comparison test. Some studies are
analyzed with repeated measures followed by Tukey’s multiple comparison test. For all analy-
ses, p< 0.05 was considered statistically significant.

Results

Boysenberry polyphenol inhibits endothelial dysfunction and improves
vascular function in obese mice

It was previously reported that dietary obesity induces p53-mediated EC senescence, which in
turn promotes systemic metabolic dysfunction [8]. However, the influence of EC senescence
on vascular function under metabolic stress was not clearly determined in previous studies,
and this promoted us to investigate the role of EC senescence in vascular homeostasis. We gen-
erated wild-type mice with dietary obesity on a C57BL6/NCr background by maintaining the
animals on a high fat diet (HFD). In HFD mice, administration of BP caused no significant
changes of body weight, food intake, systolic or diastolic blood pressure, heart rate, and sys-
temic glucose intolerance (Parts A-C in S1 Fig). Metabolic stress due to obesity increased the
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ROS level in the aorta, and this change was ameliorated by BP (Fig 1A). Immunofluorescence
studies showed a significant increase of endothelial p53 expression with dietary obesity, which
was suppressed by administration of BP (Fig 1B). One of the p53 target genes, Cdknla, was
also shown to reduce in aorta by BP treatment (Part D in S1 Fig). The nitric oxide (NO) level
was reduced in the aortas of HFD mice, while this change was ameliorated by BP (Fig 1C).
Endothelial NO synthase (eNOS) has pivotal role in balancing the production of NO and ROS.
Dimerized eNOS produces NO. However, monomerization (uncoupling) of eNOS occurs
with stress, and eNOS monomer mediates ROS production. HFD mice showed a marked
decrease of the eNOS dimer/monomer ratio in the aorta, while this change was ameliorated by
BP administration (Fig 1D). Total eNOS level was comparable between HFD and HFD+BP
group (Part E in S1 Fig). These results suggested that BP maintains vascular homeostasis
through suppression of eNOS uncoupling induced by metabolic stress, as well as by increasing
the bioavailability of NO. Next, we evaluated vascular reactivity by using a wire myograph sys-
tem. HFD mice showed a marked reduction of endothelium-dependent vasodilatation in the
iliac artery, which was significantly restored by BP administration (Fig 1E). The vascular
response to sodium nitroprusside was significantly attenuated in HFD mice and was not sig-
nificantly improved by BP treatment, suggesting that BP has little influence on endothelium-
independent vasodilation (Fig 1E). These results indicated that BP had preventive effect on
endothelial dysfunction induced by metabolic stress.

Boysenberry polyphenol inhibits endothelial dysfunction induced by
metabolic stress in vitro

To further investigate the role of BP in EC homeostasis, we performed in vitro studies that
assessed the inhibitory effect of BP on endothelial dysfunction. When human umbilical vein
endothelial cells (HUVECs) were cultured with palmitic acid, there was a marked increase of
ROS, while this response was significantly suppressed by treatment with BP (Fig 2A). Palmitic
acid also increased p53 expression in HUVECs, while BP suppressed it, suggesting that BP
inhibited metabolic stress-induced endothelial dysfunction (Fig 2B). Next, we evaluated the
effect on NO production. Palmitic acid reduced NO production by HUVECs, both in short
(6hr) and chronic (1week) phase, and this effect was ameliorated with administration of BP
(Fig 2C and Part A in S2 Fig). Finally, we examined eNOS uncoupling in HUVECs. Palmitic
acid promoted eNOS monomerization, while this change was suppressed by BP (Fig 2D). Pal-
mitic acid led to a significant reduction in phospho-eNOS level, and this reduction was signifi-
cantly ameliorated with BP administration (Part B in S2 Fig). These results suggested that BP
also promoted EC homeostasis in the in vitro setting.

Anthocyanins purified from boysenberry polyphenol protect endothelial cells

In order to identify the component of BP mainly contributing to vascular endothelial protec-
tion, we focused on anthocyanins (AC), which are known to be a major constituent of BP. AC
include cyanidin-3-glucoside, cyanidin-3- [2-(glucosyl)glucoside], cyanidin-3-[2-(glucosyl)-6-
(rhamnosyl)glucoside], and cyanidin-3-[6-(thamnosyl)glucoside] [27], and it was reported
that these compounds have a protective effect against cardiovascular disorders. AC was
extracted from BP as previously described [27] (Parts A and B in S3 Fig), and we found AC
administration inhibited palmitic acid-induced ROS production in HUVECs (Fig 3A), and
also inhibited the increase of p53 expression in palmitic acid-treated HUVECs (Fig 3B). In
addition, inhibition of NO production and eNOS uncoupling in HUVECs under metabolic
stress were ameliorated by AC (Fig 3C and 3D). These results suggested that AC had an impor-
tant role in mediation of EC protection by BP.
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Fig 1. Boysenberry polyphenol inhibits endothelial dysfunction and improves vascular function in obese mice. Wild-type mice
were fed normal chow (NC) or a high fat diet (HED). In some groups, boysenberry polyphenol (BP; 0.1% in the drinking water) was
administrated in addition to the HFD (HFD+BP). A. DHE staining of aortas from NC, HFD, and HFD+BP mice (Scale bar = 100 pm).
The right graph shows the relative fluorescence intensity of DHE (n = 8, 9, and 9). B. Immunofluorescence staining and quantification
of relative p53 expression by EC in the aorta (n = 6, 6, and 6). C. DAR-4M staining of the aorta to detect nitric oxide (Scale

bar = 100 um). The right graph shows the relative fluorescence intensity (n = 9, 9, and 10). D. Western blot analysis of eNOS dimer,
eNOS monomer, and o-tubulin in the aorta. The right panel shows quantification of the eNOS dimer/monomer ratio adjusted for a-
tubulin (n = 8, 7, and 8). E. The left panel indicates endothelium-dependent relaxation of iliac arteries in response to escalating doses of
acetylcholine (Ach). The right panel indicates endothelium-independent relaxation of iliac arteries in response to escalating doses of
sodium nitroprusside (SNP) (n = 6, 8, and 8). Data were analyzed by the 2-tailed Student’s t-test (C), 2-way ANOVA (A, B and D),
followed by Tukey’s multiple comparison test, or repeated measures followed by Tukey’s multiple comparison test (E). “P < 0.05;

“*P < 0.01. Values represent the mean + SEM.

https://doi.org/10.1371/journal.pone.0202051.9001

Anthocyanins purified from boysenberry polyphenol improve vascular
function

To further evaluate the effects of AC on vascular function, we performed ex vivo studies on
iliac arteries obtained from mice with dietary obesity. We found that AC significantly
improved endothelium-dependent vasodilatation of iliac arteries, but had little influence on
the response to sodium nitroprusside (Fig 4A). Also, ex vivo addition of AC to aortic speci-
mens suppressed ROS production and reduced expression of p53 by EC (Fig 4B and 4C). We
also found that AC increased NO production, in association with suppression of eNOS uncou-
pling (Fig 4D and 4E). Taken together, these findings suggested that AC were the chief compo-
nent of BP mediating EC protection against metabolic stress. Our results indicated that BP and
AC promoted vascular homeostasis under metabolic stress by suppressing endothelial dys-
function and increasing the bioavailability of NO.

Discussion

In this study, we showed that BP could inhibit endothelial dysfunction under metabolic stress.
AC are a major constituent of BP, and we found that AC purified from BP suppressed p53
expression and ROS production. These effects were associated with suppression of eNOS
uncoupling and elevation of NO bioavailability, suggesting that AC may be the main factor
mediating the biological effects of BP. Various foods that can be consumed on a daily basis
contain AC, including grapes and berries [34]. AC have been reported to have favorable effects
on cardiovascular function [35-37]. AC were shown to inhibit atherosclerosis in apolipopro-
tein E (ApoE)-deficient mice [38], and AC reduced the risk of myocardial infarction in
another study [25]. Furthermore, intake of AC isolated from berries was reported to improve
flow-mediated dilation (FMD) in humans [26, 39]. These reports suggest that AC could make
an important contribution to reducing cardiovascular risk.

Boysenberry juice has a high content of AC. Intake of boysenberry juice was reported to
reduce the blood pressure in spontaneously hypertensive rats (SHR) [23] and improve FMD in
humans [24]. In the aortas of our mice with dietary obesity and in HUVECs, BP attenuated
ROS production by ECs and also inhibited p53 expression. It is well known that excessive
exposure to ROS results in accumulation of DNA damage and induces cellular senescence,
mainly via p53/p21 signaling [40]. AC were reported to induce activation of nuclear factor ery-
throid 2-related factor 2 (Nrf2), which has a critical role in induction of antioxidant proteins
[41-43]. AC also induce the expression of antioxidant enzymes, such as heme oxygenase-1
(HO-1) [44] and glutathione [44], as well as activating catalase, peroxidase, and superoxide dis-
mutase [45]. Furthermore, AC have been reported to inhibit NADPH oxidase activity [46, 47].
Moreover, AC can inhibit p53-induced EC senescence mediated by TNF-o. [48] and UV
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Fig 2. Boysenberry polyphenol inhibits metabolic stress-induced endothelial dysfunction. Human umbilical vein endothelial cells (HUVECs)
were treated with BSA (Con group), palmitic acid (500 uM) (PA group(6hr)), or PA (500 pM) + BP (10 pg/ml) (PA+BP group). A. DHE staining
of HUVEC:s in Con, PA, and PA+BP groups (Scale bar = 100 pm). The right graph shows the relative fluorescence intensity of DHE (n = 4, 4, and
4). B. Western blot analysis of p53 expression in HUVECs. The right panel displays quantification of p53 relative to the B-actin loading control
(n =6, 6,and 6). C. DAR-4M staining of HUVECs to detect nitric oxide (Scale bar = 100 um). The right graph shows the relative fluorescence
intensity (n = 4, 4, and 4). D. Western blot analysis of eNOS dimer, eNOS monomer, and o-tubulin in HUVECs. The right panel shows
quantification of the eNOS dimer/ monomer ratio adjusted for o-tubulin (n = 3, 3, and 3). Data were analyzed by 2-way ANOVA, followed by
Tukey’s multiple comparison test. P < 0.05; **P < 0.01. Values represent the mean + SEM.

https://doi.org/10.1371/journal.pone.0202051.9002
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Fig 3. Anthocyanins purified from boysenberry polyphenol protect endothelial cells. Human umbilical vein endothelial cells (HUVECs) were
treated with BSA (Con group), palmitic acid (500 uM) (PA group), or PA (500 uM) + anthocyanins (AC) (10 pg/ml) (PA+AC group). A. DHE staining
of HUVEC:s in Con, PA, and PA+AC groups (Scale bar = 100 pm). The right graph shows the relative fluorescence intensity of DHE (n = 4, 4, and 4). B.
Western blot analysis of p53 expression in HUVECs. The right panel displays quantification of p53 relative to the B-actin loading control (n = 3, 3, and
3). C. DAR-4M staining of HUVEC: for nitric oxide (Scale bar = 100 um). The right graph shows the relative fluorescence intensity (n = 4, 4, and 4). D.
Western blot analysis of eNOS dimer, eNOS monomer, and o-tubulin expression in HUVECs. The right panel displays quantification of the eNOS
dimer/ monomer ratio adjusted for o-tubulin (n = 3, 3, and 3). Data were analyzed by 2-way ANOVA, followed by Tukey’s multiple comparison test.
“P < 0.05; **P < 0.01. Values represent the mean + SEM.

https://doi.org/10.1371/journal.pone.0202051.g003
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Fig 4. Anthocyanins purified from boysenberry polyphenol improve vascular function. Iliac arteries or aortas extracted from mice with dietary obesity were
incubated ex vivo with PBS (Con group) or anthocyanins (AC group) for 6 hours, and the following studies were performed. A. The left panel shows
endothelium-dependent relaxation of iliac arteries in response to escalating doses of acetylcholine (Ach). The right panel indicates endothelium-independent
relaxation of iliac arteries in response to escalating doses of sodium nitroprusside (SNP) (n = 4 and 4). B. DHE staining of ex vivo-incubated aortas in Con and
AC groups (Scale bar = 100 pm). The right graph shows the relative fluorescence intensity of DHE (n = 8 and 8). C. Immunofluorescence staining for
quantification of relative p53 expression in EC in the aorta (n = 5 and 5). D. DAR-4M staining of ex vivo-incubated aortas to detect nitric oxide (Scale

bar = 100 um). The right graph shows the relative fluorescence intensity (n = 6 and 6). E. Western blot analysis of eNOS dimer, eNOS monomer and a-tubulin in
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ex vivo incubated aortas. The right panel displays quantification of the eNOS dimer/ monomer ratio adjusted for o-tubulin (n = 5 and 6). Data were analyzed by
the 2-tailed Student’s t-test (B-E) or repeated measures (A). *P < 0.05; **P < 0.01. Values represent the mean + SEM.

https://doi.org/10.1371/journal.pone.0202051.9004

exposure [49]. In line with these results, we demonstrated that AC purified from BP could sup-
press ROS production and inhibit p53 expression by EC under metabolic stress.

Dietary obesity was reported to reduce the dimerization of eNOS and increase its mono-
merization [50]. Uncoupling (monomerization) of eNOS suppresses NO production and also
promotes an increase of ROS production. Several polyphenols are known to inhibit eNOS
uncoupling. Resveratrol is a polyphenol that has been extensively studied and it has been
reported to inhibit eNOS uncoupling in aged rats [51], SHR [52], and ApoE KO mice [53].
Uncoupling of eNOS occurs with deficiency of the NOS cofactor tetrahydrobiopterin (BH4),
and resveratrol activates GTP cyclohydrolase 1 (GCH1), a rate-limiting enzyme in BH4 biosyn-
thesis, leading to elevation of the BH4 level. We found that BP inhibited uncoupling of eNOS
caused by exposure to an HFD or palmitic acid, resulting in increased bioavailability of NO in
both the in vivo and in vitro settings. Endothelium-dependent vasodilatation showed a marked
reduction in the iliac arteries of HFD mice, and this was significantly ameliorated by BP admin-
istration. In addition, we found that AC also suppressed eNOS uncoupling, increased NO pro-
duction, and increased endothelium-dependent vasodilatation. Taken together, our results
indicate that intake of BP or AC could potentially prevent vascular disorder by inhibiting endo-
thelial dysfunction, thus contributing to suppression of cardiovascular disease.

Supporting information

S1 Fig. Baseline characteristics of mice administrated with Boysenberry polyphenol. Wild-
type mice were fed normal chow (NC) or a high fat diet (HFD). In some groups, boysenberry
polyphenol (BP; 0.1% in the drinking water) was administrated in addition to the HFD
(HFD+BP). A, B. Body weight (n = 6,8,8) and Food intake(n = 4,6,6)(A), systolic blood pres-
sure, diastolic blood pressure, and heart rate(B) of indicated mice group(n = 6,6,7). C. Glucose
tolerance test of indicated mice group(n = 6,6,7). D. Transcript for Cdknla as analyzed in aorta
from indicated mice group(n = 5,5,5). E. Western blot analysis of total eNOS, and B-actin in the
aorta. The right panel shows quantification of the total eNOS adjusted for B-actin(n = 13,13).
Data were analyzed by the 2-tailed Student’s t-test (E), 2-way ANOVA followed by Tukey’s mul-
tiple comparison test (A, B, D), or Repeated measures followed by Tukey’s multiple comparison
test(C). *P < 0.05; **P < 0.01. Values represent the mean + SEM.

(DOCX)

S2 Fig. Boysenberry polyphenol improves nitric oxide production in HUVEC: also in
chronic phase. Human umbilical vein endothelial cells (HUVECs) were treated with BSA (Con
group), palmitic acid (200uM (for 1week culture) or 500uM (for 6hr culture)) (PA group), or
PA (200uM (for 1week culture) or 500uM (for 6hr culture)) + BP (10 pug/ml) (PA+BP group).
HUVECs were cultured with PA and/or BP for totally 1week for studies in Part A in S2 Fig and
6hrs for studies in Part B in S2 Fig. A. DAR-4M staining of HUVEC:s to detect nitric oxide
(Scale bar = 100 um). The right graph shows the relative fluorescence intensity (n = 5,5,5). B.
Western blot analysis of phospho-eNOS(p-eNOS), eNOS and B-actin in HUVECs. The right
panel shows quantification of the p-eNOS adjusted for eNOS (n = 4,4,4,4). Data were analyzed
by 2-way ANOVA followed by Tukey’s multiple comparison test(A), or the 2-tailed Student’s t-
test (B). *P < 0.05; **P < 0.01. Values represent the mean + SEM.

(DOCX)
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S3 Fig. Characterize of boysenberry polyphenols and anthocyanin fraction. A. High-perfor-
mance liquid chromatography (HPLC) profile at 520 nm of anthocyanins (AC) from purified
boysenberry polyphenol (BP). B. Classified anthocyanins (AC) were quantified using a cyani-
din-3-glucoside standard.

(DOCX)
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